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ABSTRACT:  We  describe  herein  a  three-dimensional  Cu(II)  based  metal— organic  framework,  copper  hydroxide 
2,6-naphthalenedisulfonate,  Cu3(OH)4[CioH6(S03)2].  The  compound  contains  embedded  positively  charged  2-D  copper  oxide 
layers.  This  higher  dimensionality  of  inorganic  connectivity  leads  to  far  greater  thermal  stability  (375  °C  vs  245  °C)  over  our 
previously  reported  three-dimensional  metal— organic  framework  containing  embedded  1-D  cuprate  chains.  Single  crystal  data 
for  this  material  are  as  follows:  FW  =  544.92,  monoclinic,  space  group  P2i/c,  a  =  13.549(5)  A,  ^  =  5.503(2)  A,  c  =  9.512(4)  A, 
P  =  90.031(6)°,  V  =  709.2(5)  A^,  Z)c  =  2.552  g-cm“^,  and  Z  =  4.Thestructure,  crystallinity,  morphology,  and  properties  of  the 
material  are  discussed.  The  magnetic  susceptibility  exhibits  a  broad  maximum  centered  at  80  K,  indicative  of  low-dimensional 
antiferromagnetic  interactions.  Control  of  inorganic  dimensionality  embedded  within  an  MOF  is  an  often  overlooked  yet  key 
feature  in  determining  the  stability  and  important  properties  of  MOFs  such  as  adsorption,  conductivity,  and  magnetism. 


Introduction 

One  of  the  contemporary  areas  of  materials  research  is  the 
synthesis,  properties,  and  applications  of  metal— organic-fra¬ 
meworks  (MOFs).  These  compounds  are  garnering  ever- 
increasing  attention  in  research  laboratories  worldwide.  Ra¬ 
tional  design  of  functional  micro-  and  mesoporous  materials 
including  zeolite-like  MOFs  has  made  remarkable  progress 
recently.  Their  diversity  of  possible  topologies  and  useful 
properties  allow  possible  application  in  areas  such  as  gas 
adsorption,^  hydrogen  storage,^  molecular  sieves,^  catalysis,"^ 
molecular  magnets,^  nonlinear  optical  devices,^  lumines¬ 
cence,^  sensors,^  and  drug  delivery.^ 

MOFs  have  developed  into  a  field  of  its  own  within  solid- 
state  chemistry  and  continue  to  grow  extensively.  The  struc¬ 
tures  consist  of  metal  or  metal-oxide  nodes  (atom,  cluster,  or 
extended  in  one  or  more  dimensions)  connected  by  organic 
linkers.  The  frameworks  are  held  together  covalently  with 
guest  molecules  residing  in  the  open  space. Today,  there  are 
over  one  thousand  examples  of  MOF  materials  in  the  litera¬ 
ture  due  to  the  flexibility  in  metal  charge,  coordination 
number,  and  choice  of  organic  linking  agent.  Solvothermal 
synthesis  is  an  effective  methodology  for  growing  crystals  of 
MOF  compounds  and  extended  materials  in  general,  allowing 
a  great  deal  of  structural  diversity  and  varying  dimensionality. 

Organic  carboxylates  are  perhaps  the  most  common  linkers 
and  have  been  successfully  combined  with  a  wide  range  of 
metals  across  the  periodic  table.  Relatively  less  attention  has 
been  given  to  the  use  of  organic  sulfonate  ligands  in  the 
construction  of  MOFs,  though  many  structures  have  been 
reported. These  MOF  materials  contain  sulfonate- 
bridged  metal  centers  where  the  metals  are  either  discrete  or 
can  be  extended  in  one  or  two  dimensions.  Other  examples  of 
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sulfonate-containing  MOFs  use  mixed  ligands  and/or  metals, 
such  as  a  mixture  of  group  1  and  2  metals, cobalt  and 
lanthanum, and  nickel  and  zinc,^^  just  to  mention  a  few. 
Gandara  et  al.  reported  a  class  of  layered  rare-earth  hydroxide 
compounds  and  their  intercalation  properties  containing  2,6- 
naphthalenedisulfonate  and  2,6-anthraquinonedisulfonate.^^ 
Our  studies  have  given  rise  to  a  series  of  metal— organic 
frameworks  where  the  dimensionality  can  be  0-D  cluster, 
1-D  chain, 2-D  layered,^^  or  3-D  network.^^  Copper  hydroxide 
j9-pyridinecarboxylate,  for  example,  was  the  first  example  of  a 
MOF  compound  containing  infinite  1-D  copper(II)  oxide 
chains  entrenched  in  the  structure.^^^  Recently,  we  also  prepared 
successfully  a  3-D  bismuth— organic  framework  containing  1-D 
cationic  inorganic  [Bi202]^^  chains.^^*^  MOFs  with  extended 
inorganic  2-D  layers  embedded  within  the  structure  are  not  as 
common.  According  to  the  proposed  nomenclature  of  Chee- 
tham  et  al.,^^  the  title  compound  is  one  of  a  limited  number  of 
examples  of  [“FO””,  where  F  (n  =  0—3)  is  the  dimen¬ 

sionality  of  inorganic  connectivity  and  (n  =  0—3)  is  the 
metal— organic— metal  dimensionality].  Cheetham  and  co-wor¬ 
kers  also  reported  a  series  of  cobalt  succinate  metal— organic 
materials,  where  the  inorganic  connectivity  and  dimensionality 
within  the  MOF  increased  with  synthesis  temperature.^^  Addi¬ 
tional  examples  of  MOFs  with  embedded  inorganic  connectivity 
running  through  the  lattice  structure  include  neodymium  oxide 
hydrate  chains,^^  thorium  oxyfluoride  chains,^^  bismuth  oxalate 
hydroxide,^^  and  copper  (I)  halide  chains  or  layer  s.^^ 

In  this  paper,  we  describe  the  synthesis  and  characterization 
of  Cu3(OH)4[CioH6(S03)2]  (which  we  denote  ARL-2,  for  U.S. 
Army  Research  Laboratory,  structure  no.  2).  The  3-D  copper- 
based  MOF  contains  embedded  2-D  cuprate  layers  and  was 
assembled  under  hydrothermal  conditions  using  the  organic 
linker  2,6-naphthalenedisulfonate  (NDS).  The  crystal  struc¬ 
ture,  morphology,  and  thermal  and  magnetic  properties  are 
discussed. 
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Experimental  Section 

Synthesis.  Copper  hydroxide  2,6-naphthalenedisulfonate  (NDS), 
Cu3(OH)4[CioH6(S03)2]  (ARL-2),  was  synthesized  in  a  simple,  one- 
step  reaction.  The  as-synthesized  material  formed  under  hydrother¬ 
mal  conditions  at  150  °C  for  3  days,  in  which  the  final  reaction 
mixture  had  a  molar  ratio  of  207  H2O:1.0  Cu(N03)2 *2.51120:0.25 
CioH6(S03Na)2:0.031  [Ci2H25N(CH3)3]Cl.  All  chemicals  were  used 
as-received.  In  a  typical  reaction,  32.0  mL  of  deionized  H20, 2.0  g  of 
Cu(N03)2*2.5H20  (Aldrich,  98%),  0.9  g  of  CioH6(S03Na)2  (TCI 
America,  98%),  and  0.07  g  of  [Ci2H25N(CH3)3]Cl  (TCI  America, 
100%)  were  added  to  a  Nalgene  beaker.  After  ca.  15  min  of  stirring, 
the  solution  was  transferred  to  a  45  mL  capacity  Teflon-lined 
stainless  steel  autoclave.  The  autoclave  was  sealed  and  heated  at 
125—175  °C  for  3  days.  The  pH  before  and  after  the  reaction 
were  monitored  as  3.66  and  4.17,  respectively.  The  crystals  were 
collected  by  vacuum  filtration,  rinsed  with  deionized  water,  and 
allowed  to  air-dry  overnight.  No  solid  phase  was  observed  at 
125  °C.  The  crystal  product  from  150  °C  weighed  ca.  60  mg  (yield 
based  on  NDS  ligand:  5.23%),  while  the  1 75  °C  product  was  a  mixed 
phase  product  weighing  a  total  of  840  mg.  We  found  that  approxi¬ 
mately  one-third  is  an  impurity,  copper  nitrate  hydrate  (ICDD  ref 
21-0296),  based  on  a  100%  peak  ratio  of  ARL-2  (6.0°  26)  to  copper 
nitrate  (15°  16).  Thus,  the  yield  of  ARL-2  is  approximately  68% 
based  on  NDS  ligand.  Elemental  analysis  agrees  very  well  with  the 
structural  formula.  The  analyzed  percentages  of  C,  H,  and  N  were 
22.69%,  1.84%,  and  <0.5%,  compared  with  the  values  of  22.04%, 
1.84%,  and  0.00%  calculated  from  the  structure  solution,  respec¬ 
tively. 

Characterization  Methods.  Powder  X-ray  diffraction  (PXRD) 
patterns  were  collected  on  a  Rigaku  Ultima  III  diffractometer  using 
theBragg— Brentano  geometry  and  CuKa  radiation  (A  =  1.5418  A) 
over  a  scan  range  of  5-50°  {26)  with  a  scan  rate  of  2.0°  •min”^ 
Samples  were  ground  thoroughly  in  a  mortar  and  pestle  prior  to 
mounting  the  resultant  powder  in  the  PXRD  sample  holder. 
Thermogravimetric  analysis  (TGA)  was  performed  on  a  Perkin- 
Elmer  TGA  7  thermogravimetric  analyzer  under  nitrogen  flow, 
heating  from  ambient  temperature  to  1000  °C  at  a  rate  of 
10  °C*min“^  Crystal  morphology  was  observed  using  a  Hitachi 
S-4500  scanning  electron  microscope  (SEM).  Elemental  analysis 
was  performed  by  Galbraith  Laboratories,  Inc.  (Knoxville,  TN). 
Magnetic  properties  were  studied  using  a  superconducting  quantum 
interference  device  (SQUID)  magnetometer  (Quantum  Design 
MPMS  XL-5)  over  the  temperature  range  300-2  K  in  a  magnetic 
field  of  1000  Oe. 

X-ray  Crystallography.  A  fragment  of  a  pale  blue  platelike  crystal 
of  Cu3(OH)4[CioH6(S03)2]  having  approximate  dimensions  0.08  x 
0.04  X  0.03  mm^  was  mounted  on  a  Kapton  loop  using  Paratone 
N  hydrocarbon  oil.  All  measurements  were  made  on  a  Bruker 
APEX-II^^  with  a  CCD  area  detector  and  channel-cut  Si-(1 11)  crystal 
monochromated  synchrotron  radiation.  Crystallographic  data 
were  collected  at  Beamline  11.3.1  at  the  Advanced  Light  Source 
(ALS),  Lawrence  Berkeley  National  Laboratory  (A  =  0.77490  A). 
The  data  were  collected  at  a  temperature  of  1 50(2)  K,  giving  yi  = 
6.088  mm“^;  Ri  =  0.0355,  WR2  =  0.0648  for  1230  data  with  [/  > 
2(7(7)],  and  7^i  =  0.0604,  WR2  =  0.0700  for  all  1767  data.  Frames 
corresponding  to  an  arbitrary  sphere  of  data  were  collected  using  co- 
scans  of  0.3°  counted  for  a  total  of  3  s  per  frame.  Data  were  integrated 
by  the  program  SAINT^^  to  a  maximum  0-value  of  3 1 .09°.  The  data 
were  corrected  for  Lorentz  and  polarization  effects  and  then  analyzed 
for  agreement  and  possible  absorption  using  XPREP.^^  An  empirical 
absorption  correction  based  on  comparison  of  redundant  and 
equivalent  reflections  was  applied  using  SADABS.^^  The  struc¬ 
ture  was  solved  by  direct  methods^  ^  and  expanded  using  Fourier 
techniques. 

Results  and  Discussion 

The  as-synthesized  compound  ARL-2  crystalhzes  as  pale  blue 
crystals  with  a  plate-like  morphology  (Figure  1).  The  title  com¬ 
pound  forms  over  a  range  of  synthetic  conditions.  The  ideal 
synthesis  temperature  was  150  °C,  which  yielded  a  phase-pure 
product.  A  blue  solution  with  no  solid  product  was  observed 
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Figure  1.  SEM  micrograph  of  the  as-synthesized  compound,  show¬ 
ing  the  platelike  morphology  of  the  large  crystals. 


2-theta  (deg.) 


Figure  2.  Ex-situ  PXRD  patterns  for  the  as-synthesized  material 
(a)  and  after  heating  in  nitrogen  at  10  °C/min  to  400  °C  (b),  450  °C 
(c),  500  °C  (d),  700  °C  (e),  and  1000  °C  (f). 

at  125  °C,  while  175  °C  formed  a  mixture,  with  the  majority 
being  ARL-2  and  a  small  amount  of  dark  blue  solid,  which 
was  identified  as  copper  nitrate  hydrate  (ICDD  ref  21-0296). 
The  ARL-2  product  from  175  °C  gave  ~68%  yield.  It  is  worth 
noting  that  the  crystals  only  formed  in  the  presence  of  the 
surfactant.  The  latter  must  therefore  play  an  important  role  in 
preparation  of  the  crystals,  and  we  are  further  investigating  this 
aspect.  Following  Cheetham  et  al.’s  proposed  nomenclature,^^ 
ARL-2  was  found  to  be  a  hybrid  inorganic— organic  3-D 
framework,  1^0  \  The  product  from  the  optimum  temperature 
of  150  °C  in  terms  of  phase  purity  was  used  for  all  further 
characterization. 

PXRD  data  (Figure  2a)  showed  no  match  to  any  known 
phase  in  the  ICDD  database.  Subsequent  single-crystal  X-ray 
diffraction  analysis  of  a  suitable  crystal  verified  that  the  com¬ 
pound  is  a  new  structure.  The  theoretical  PXRD  pattern 
calculated  from  the  single-crystal  data  fully  matches  the  experi¬ 
mental  pattern.  The  structure  was  found  to  be  twinned  to  give  an 
apparent  higher  orthorhombic  symmetry.  Failure  to  obtain 
a  satisfactory  space  group  or  refinement  in  an  orthorhom¬ 
bic  setting  led  to  successful  refinement  in  P2i/c  with  the  TWIN 
matrix  [lOOO-lOOO-lj.  An  approximately  20%  twin 
component  led  to  the  decision  that  the  correct  space  group  is 
Plijc.  Examination  of  the  data  in  the  potential  orthorhombic 
setting  showed  systematic  absences  inconsistent  with  any  orthor¬ 
hombic  space  group  (absences  are  observed  for  a  Z?-glide 
perpendicular  to  the  a  axis,  a  2i  screw  parallel  to  a  axis  and  a 
2i  axis  parallel  to  the  b  axis).  There  are  no  absences  present  for 
data  involving  the  c  axis.  The  agreements  [R(sym)]  for  the 
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Table  1.  Crystal  Data  and  Structure  Refinement  Parameters  for  ARL-2 


empirical  formula 

C10H10CU3O10S2 

formula  weight 

544.92 

temperature 

150(2)K 

wavelength 

0.77490  A 

crystal  system 

monoclinic 

space  group 

^2i/c 

unit  cell  dimensions 

13.549(5)  A  a 

=  90° 

b  =  5.503(2)  A  h 

=  90.031(6)° 

c  =  9.512(4)  A  7 

=  90° 

volume 

709.2(5)  A^ 

Z 

4 

density  (calculated) 

2.552  g-cm“^ 

absorption  coefficient  {pi) 

6.088  mm~^ 

F(000) 

538 

crystal  size 

0.08  X  0.04  X  0.03  mm^ 

CD  range  for  data  collection 

2.33-31.09° 

index  ranges 

-18  <  /?  <  18,  -1  <k<l. 

-12  <  /<  12 

reflections  collected 

9161 

independent  reflections 

1767  (Rint  =  0.1269) 

completeness  io  0  =  31.09° 

99.9% 

absorption  correction 

empirical 

max.  and  min  transmission 

0.8384  and  0.6416 

refinement  method 

full-matrix  least-squares  on 

data/restraints/parameters 

1767/2/119 

goodness-of-fit  on 

0.777 

final  R  indices  [/  >  2cr(7)] 

Rx  =  0.0355,  wR2  =  0.0648 

R  indices  (all  data) 

Ri  =  0.0604,  WR2  =  0.0700 

largest  diff  peak  and  hole 

0.688  and -0.788  e  -A 

-3 

Table  2.  Selected  Bond  Lengths  (A)  and  Angles  (deg)  for  ARL-2" 

Cu(l)-0(2)#1  1.958(3) 

0(2)#l-Cu(l)-0(2) 

180.0(3) 

Cu(l)-0(1)#1  1.976(4) 

0(2)#1-Cu(l)-0(1)#1 

93.42(14) 

Cu(l)-0(3)#1  2.365(4) 

0(1)#1-Cu(l)-0(3)#1 

86.80(14) 

Cu(2)-0(1)#2  1.922(4) 

0(l)#2-Cu(2)-0(2) 

174.99(15) 

Cu(2)-0(2)#3  1.989(4) 

0(2)#3-Cu(2)-0(5) 

161.48(16) 

Cu(2)-0(1)#1  2.292(3) 

Cu(2)#4-0(1)-Cu(2)#l 

123.29(18) 

0(1)-Cu(2)#4  1.922(4) 

0(2)#3-Cu(2)-Cu(2)#3 

39.08(9) 

0(1)-Cu(2)#l  2.292(3) 

Cu(l)-Cu(2)-Cu(2)#3 

64.87(3) 

0(2)-Cu(2)#3  1.989(4) 

Cu(2)-0(2)-Cu(2)#3 

101.30(15) 

Cu(2)#4-0(1)-H(l) 

103(4) 

S(l)-0(3)-Cu(l) 

125.55(19) 

"Symmetry  transformations  used  to  generate  equivalent  atoms:  #1: 
-X,  -y,  -z;  #2:  x,  -y  -  V2,  ^  +  V2;  #3:  -x,  -y  -  1,  -z;  #4:  x,  -y  -  V2, 

^  -  V2. 


orthorhombic  setting  (mmm  symmetry)  were  significantly  worse 
than  those  for  the  monoclinic  setting  (2/m  symmetry).  The  data 
were  also  examined  via  CHECKCIF  which  reported  no  higher 
symmetry.  Both  the  CHECKCIF  and  PEATON  verify  that  the 
unit  cell  is  monoclinic.  Table  1  reveals  detailed  crystallographic 
information  for  the  compound,  and  Table  2  shows  selected  bond 
lengths  and  angles. 

The  compound  consists  of  cationic  layers  of  [Cu3(OH)4]^^ 
bridged  by  2,6-naphthalenedisulfonate  anions.  There  are  two 
copper  environments  present  within  the  lattice  (Figures  3  and  4). 
Cu(l)  has  a  distorted  octahedral  geometry  and  is  coordi¬ 
nated  by  four  /^^-bridging  hydroxyl  oxygens  and  two  sulfonate 
oxygens.  The  sulfonate  oxygens  occupy  apical  positions  of  the 
octahedron.  Cu(2)  has  a  square  pyramidal  geometry  and  is 
coordinated  by  four  //^-hydroxyl  oxygens  [extending  the 
Cu2(OH)2  layer,  Figure  4b]  and  one  oxygen  of  a  sulfonate 
group  occupying  the  axial  position. 

All  of  the  hydroxyl  oxygens  bridge  three  copper  centers, 
similar  to  that  in  layered  double  hydroxides,  which  are  also 
cationic  but  are  all  isostructural  and  have  different  topology 
from  that  of  ARF-2.  The  hydrogens  were  located  from  a 
difference  Fourier  map  and  form  strong  hydrogen  bonds  to 
nearby  sulfonate  oxygens  (Table  3).  The  sulfonate  groups 
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Figure  3.  ORTEP  diagram  and  atom  labeling  scheme  for  ARL-2. 

effectively  bridge  two  copper  centers  within  a  layer,  while 
the  remaining  sulfonate  oxygen  is  involved  in  H-bonding 
to  the  bridging  hydroxyls.  The  2,6-naphthalenedisulfo- 
nate  moieties  span  the  Cu2(OH)2  layers,  extending  the  cationic 
‘T^”  structure  into  a  3-D  MOF  (Figure  4a).  The  Cu-O(H) 
bond  distances  are  all  comparable  to  each  other  (1.92— 
1.99  A),  while  the  remaining  bond  distances  are  otherwise 
as  expected. 

Magnetic  Properties.  The  temperature  dependence  of  the 
magnetic  susceptibility  of  ARF-2  is  presented  in  Figure  5. 
The  dependence  exhibits  a  broad  maximum  centered  at  80  K, 
which  is  indicative  of  a  low-dimensional  antiferromagnetic 
interaction.  The  upturn  of  the  susceptibility  observed  below 
1 5  K  is  usually  attributed  to  a  small  amount  of  paramagnetic 
impurities.  Attempts  to  fit  the  dependence  to  the  sum  of  the 
temperature-independent  contribution  Xo^  the  Curie— Weiss 
paramagnetic  contribution,  and  various  low-dimensional 
models  result  in  an  unsatisfactory  fit  below  10  K,  giving 
2—5%  of  paramagnetic  Cu^^  ions  with  Weiss  constant  ©  ^ 
—40  K.  Electron  paramagnetic  resonance  spectra  capable  of 
detecting  such  an  amount  of  paramagnetic  ions  collected  at 
4  K  and  room  temperature,  however,  did  not  reveal  any 
peaks.  This  observation  indicates  that  the  Cu^^  ions  could  be 
present  in  smaller  concentration  or  be  strongly  magnetically 
coupled,  which  is  consistent  with  the  significant  magnitude 
of  the  Weiss  constant. 

The  other  plausible  explanation  for  the  susceptibility 
upturn  includes  a  presence  of  small  odd-numbered  ordered 
clusters  such  as  triplets.  An  ordering  transition  could  also 
possibly  occur  below  2  K.  In  order  to  explore  the  possibility 
of  such  an  ordering  transition,  we  investigated  field-cooled 
and  zero-field-cooled  susceptibilities  (Figure  6),  which  often 
depart  near  magnetic  ordering  or  spin-glass  transitions. 
Indeed,  the  difference  between  FC  and  ZFC  susceptibilities 
increases  sharply  below  4  K,  consistent  with  the  existence  of 
an  ordering  transition  at  lower  temperatures.  To  avoid 
strong  susceptibility  changes  occurring  in  this  temperature 
range,  the  fit  of  the  MjH  vs  T  dependence  was  performed 
above  10  K. 

Cu^^  ions  in  ARF-2  are  located  in  the  2-D  layer 
(Figure  4b)  and  are  connected  by  Cu— O— Cu  bonds  of 
various  lengths  and  angles,  meaning  that  magnetic  exchange 
pathways  of  different  strength  and  sign  are  present.  The 
predominant  antiferromagnetic  exchange  may  come  from 
180°  Cu— O— Cu  superexchange  such  as  along  the  Cu(2)— O- 
(1)— Cu(l)  path  (with  an  angle  of  126.5°)  or  Cu(2)— O- 
(1)-Cu(2)  path  (123.3°).  These  180°  exchange  pathways. 
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Figure  4.  Crystallographic  views  (Cu,  blue;  S,  yellow;  O,  red;  C,  gray;  H,  light  gray):  (a)  c-projection,  showing  the  naphthalene  rings  of  the  3-D 
copper- organic  framework;  (b)  Z)-projection  of  one  cationic  cuprate  layer. 


however,  are  interrupted  by  90°  bonds  for  which  much 
weaker  ferromagnetic  superexchange  is  expected,  along  with 
considerable  antiferromagnetic  next-nearest-neighbor  ex¬ 
change  through  the  Cu-O-O-Cu  path.^^  The  largest  180° 
bound  fragments  are  linear  triplets,  which  are  connected  to 
each  other  by  a  90°  Cu— O— Cu  bond,  thus  forming  alternat¬ 
ing  chains  along  the  c  axis  (horizontally  in  Figure  4b).  These 


chains  could  magnetically  interact  through  both  90  and  180° 
Cu— O— Cu  bonds,  which  should  result  in  significant  inter¬ 
chain  magnetic  exchange.  The  model  including  temperature- 
independent  and  Curie— Weiss  contributions  and  suscept¬ 
ibility  of  linear  Heisenberg  chain  (Xchain),  with  a  considera¬ 
tion  of  interchain  magnetic  exchange  estimated  by  the  mean 
field  model,  provides  reasonable  fit  to  the  data:^"^ 


X  —Xq-^ 


c 


Xchain 


(7-0) 


_ Xchain _ 

1 -(2zy'/Afg2^B2)Xchain 

/  0.25  +  0.14995(|/|/ycr)  +  0.30094(|/|/^r)^ 

\1  +  1 .9682(|/|/A;r)  +  0.68854(|/|//tr)^  +  6.0626(|/|/A:r)^ 


where  C  is  the  Curie  constant,  Nc  is  the  number  of  Cu^^  ions 
in  the  chains,  g  is  the  g-factor,  /Ub  is  the  Bohr  magneton,  k  is 
the  Boltzmann  constant,  and  J  and  z/  are  the  intrachain 
and  interchain  magnetic  exchange  parameters.  The  resulting 
fitting  curve  (solid  red  line.  Figure  5)  gives ;^o  =  1 .3(1)  x  10~^ 


emu/mol  Cu,  C  =  2.44(1)  x  10“^  emu  K/mol  Cu,  and  ©  = 
—37(1)  K.  These  values  correspond  to  6.5%  of  single  Cu^^ 
ions  with  considerable  antiferromagnetic  exchange.  The  rest 
of  Cu^^  ions  are  in  linear  chains  with  intrachain  exchange 
Jjk  =  —  75(1)  K  and  zJ' jk  =  12(2)  K.  The  average  value  of 


Article 


Crystal  Growth  &  Design,  Vol  XXX,  No.  XX,  XXXX  E 


Table  3.  Hydrogen  Bond  Information"  for  ARL-2  (A  and  deg) 


D-H---A  4D-H)  4H---A)  4D---A)  Z(DHA) 


0(1)-H(1)...0(4)#6 
0(1)-H(1)...0(3) 
0(2)-H(2). .  .0(4)#4 
0(2)-H(2)...0(5)#4 


0.892(19)  2.22(3) 

0.892(19)  2.54(5) 

0.888(19)  2.08(3) 

0.888(19)  2.59(5) 


3.003(5)  146(4) 

2.996(6)  112(4) 

2.891(5)  152(5) 

3.190(6)  125(4) 


"  Symmetry  transformations  used  to  generate  equivalent  atoms:  #4:  x, 
-y  -  V2,  ^  -  V2;  #6:  X,  -y  +  V2,  ^  -  V2. 


Temperature,  K 


Temperature  (°C) 

Figure  7.  TGA  shows  the  material  is  stable  to  ca.  375  °C,  followed 
by  a  weight  loss  event  in  the  475  °C  region  and  final  transformation 
to  CU2O  and  Cu  by  1000  °C. 


Figure  5.  Temperature  dependence  ofthe  magnetic  susceptibility  of 
ARL-2.  The  solid  red  line  is  the  fit  to  the  sum  of  the  temperature 
independent,  Curie— Weiss,  and  interacting  Heisenberg  chain  con¬ 
tributions. 


Figure  6.  (top)  Field-cooled  (FC)  and  zero-field-cooled  (ZFC) 
susceptibilities;  (bottom)  their  difference  as  a  function  of  tempera¬ 
ture. 

the  g-factor  is  g  =  2.03(2).  A  fit  of  comparable  quality  is 
achieved  when  the  Curie— Weiss  contribution  is  substi¬ 
tuted  with  the  susceptibility  of  linear  triplets.  This  fit  gives 
3.5(1)%  of  Cu^^  in  triplets  with  antiferromagnetic  exchange 
Jtr/k  =  —13.6(2)  K.  Use  of  alternating  rather  than  regular 
chains  in  the  model  does  not  improve  the  fit.  Thus,  the 
analysis  reveals  that  the  majority  of  Cu^^  spins  interact 
antiferromagnetically  in  linear  chains,  presumably  runn¬ 
ing  along  the  c  axis,  where  the  180°  Cu— O— Cu  bonding 
is  predominant.  The  interchain  exchange  is  weak  and 
ferromagnetic,  consistent  with  mostly  90°  Cu— O— Cu  bonds 
along  the  b  axis. 

Thermal  Behavior.  Thermogravimetric  analysis  shows  that 
the  material  is  stable  to  ca.  375  °C  (Figure  7),  greater  than 
that  for  our  previously  reported  material. The  trace  dis¬ 
plays  one  major  thermal  event.  The  mass  loss  of  ca.  47.3% 
occurring  over  the  region  of  375—1000  °C  likely  corresponds 


to  the  loss  of  the  organic  NDS  ligands  (expected:  52.5%). 
The  ex-situ  PXRD  patterns  after  heating  the  material  to  400, 
450,  500,  700,  and  1000  °C  display  a  gradual  transition 
(Figure  2).  At  400  °C,  the  original  pattern  still  remains  but 
begins  to  transform  into  an  unknown  phase  (two  prominent 
new  peaks  form  at  8.2°  and  16.0°  26,  Figure  2b).  At  450  °C 
(Figure  2c),  the  original  peaks  are  gone  and  the  solid  is  a 
mixture  of  the  unknown  phase  and  CU2O  (ICDD  ref  05-0667, 
20  ^  36.4  and  42.4°).  Finally,  the  patterns  at  500,  700,  and 
1000  °C  (Figure  2d,  e,  and  f,  respectively)  show  that  the 
material  collapses  to  a  known  mixture  of  CU2O  and  Cu 
(ICDD  ref  04-0836,  20  ~  43.3°). 

Conclusions 

An  uncommon  3-D  metal— organic  framework  contain¬ 
ing  cationic  2-D  cuprate  layers  has  been  synthesized  from 
hydrothermal  conditions.  ARL-2  represents  our  first  efforts 
toward  constructing  copper-based  alkylsulfonate  MOFs. 
The  material  possesses  high  thermal  stability  up  to  375  °C 
and  shows  low-dimensional  antiferromagnetism  at  low 
temperatures.  It  is  expected  that  many  other  structures 
await  discovery  through  variation  of  synthesis  condition 
and  organic  linker,  with  potentially  higher  dimensionality 
of  inorganic  and/or  organic  connectivity  embedded  within 
the  MOF.  Control  of  inorganic  dimensionality  embedded 
within  a  MOF  is  a  feature  that  justifies  closer  attention  as 
researchers  seek  to  improve  the  properties  of  MOFs  for 
specific  applications. 
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